CMR Relaxometry of Myocardial Infarction
were highly desirable and, therefore, the aim of several studies within the last years. 10 In case of T1, the introduction of the Modified Look-Locker inversion recovery sequence 11 and, for T2, the bright-blood steady-state-free precession technique 12 were considered as major steps in the until then nonquantitative CMR field. 13 With this, direct and more objective techniques were available without the need of referencing to remote tissue or the application of GCAs. 3, 14 CMR relaxometry has already been proven to be a valuable tool for identification of edema, fibrosis, and as well changes in the extracellular matrix compartment not only in myocardial infarction (MI), but also in cardiomyopathies, myocarditis, or storage diseases. 3, 11, 15 However, only a few studies have yet been performed to evaluate the prognostic power of these approaches and were mainly focused on nonischemic cardiomyopathies or cardiac amyloidosis. 16 Lately, a shortening of myocardial T1 in the infarct core after ST-segment-elevation myocardial infarction was reported to be associated with the occurrence of microvascular obstruction and therefore worse clinical outcome. 17 Nevertheless, beyond this, there is currently no clear evidence about the general value of relaxometric maps in predicting the functional outcome after MI.
Thus, the present study was aimed to systematically investigate the predictive value of current state-of-the-art CMR techniques for the functional impairment after experimental MI in mice. For this, we made use of 2 distinct MI models with suspected differential functional outcome (permanent ligation [PL] and ischemia/reperfusion [IR] of the left anterior descending coronary artery [LAD] ) and analyzed functional parameters and cardiac tissue properties basal, in the acute state after MI (day 1) and after cardiac remodeling (day 21) by cine CMR, LGE, T1, and T2 mapping.
Materials and Methods

Animal Experiments
All animal experiments were performed in accordance with the National Guidelines of Animal Care. Twenty-seven C57BL/6 mice (20-25 g body weight, 8-12 weeks of age) were used in this study, which were bred at the central animal facilities of the Heinrich Heine University, Düsseldorf, Germany. They were fed a standard chow diet and had continuous access to tap water. MI was essentially induced as previously described. 18 In brief, mice were anesthetized with isoflurane (1.5%), analgized with 0.1 mg/kg buprenorphine, and intubated for mechanical ventilation. The chest was opened with a lateral cut along the left side of the sternum. Subsequently, the LAD was either permanently ligated by a 7-0 silk suture (n=14) or reperfused after 50 minutes of ischemia (n=13), which was assured by ST-segment elevation in ECG recordings. Before, as well as 1, and 21 days after MI, the mice were analyzed by comprehensive CMR.
CMR Studies
General Setup
CMR data were recorded at a Bruker AVANCE III 9.4-T wide bore nuclear magnetic resonance spectrometer (Bruker, Rheinstetten, Germany) at 400. 13 MHz operated by ParaVision 5.1. Images were acquired using the Bruker microimaging unit Micro 2.5 with actively shielded gradient sets (1.5 T/m) and a 25-mm birdcage resonator.
Mice were anesthetized with 1.5% isoflurane and kept at 37°C. ECG and respiration were supervised with electrodes (KlearTrace; CAS Medical Systems, Branford) and a pneumatic pillow, respectively. Vital functions were monitored by a M1025 system (SA Instruments, Stony Brook, NY) and used to synchronize the CMR data acquisition with cardiac and respiratory motion if necessary. Contrast agent application during the CMR scan was enabled by a Vasofix Safety IV Catheter (Braun Melsungen AG, Melsungen, Germany) inserted into the peritoneal cavity of the mice.
For multiparametric CMR analysis in 1 experimental session, first ECG-and respiratory-triggered gradient echo cine movies were recorded in short-and long-axis orientation as previously described. 19 Thereafter, native T1 and T2 maps were taken in midventricular short-axis orientation (for details see below). Subsequently, a bolus of gadolinium-diethylenetriamine pentaacetate (0.2 mmol gadolinium-diethylenetriamine pentaacetate per kg body weight) was infused through the peritoneal catheter for acquisition of postcontrast T1 maps and LGE images. For the latter, an ECG-and respiratory-gated segmented fast gradient echo sequence with steady-state-free precession was used with the following parameters: echo time=1.2 ms, 128 segments, repetition time=6 to 8 ms depending on the heart rate, 16 frames per cardiac cycle, acquisition time ≈1 minute, slice thickness=1 mm, field of view=30×30 mm 2 , matrix size=256×256 after zero filling, scan number=2. Routinely, 8 to 10 short-axis slices were required for complete coverage of the left ventricle. The entire scanning protocol took around 80 minutes and was well tolerated by all animals, which recovered within 2 minutes from anesthesia. The peritoneal catheter was directly removed after the MRI scan with the mice still under anesthesia.
Relaxometric Maps
In the clinical setting, T1 mapping for myocardial tissue characterization is usually performed by an ECG-triggered Modified Look-Locker inversion recovery sequence. However, for the small and fast beating murine heart (150 mg with heart rates ≤600/min), it is challenging with this approach to maintain true steady-state conditions, which are mandatory for reliable calculation of T1 maps. This holds even more after MI, which is usually associated with a substantial broadening or loss of the R wave and, thus, inadequate ECG gating. Therefore, we used a different approach introduced by Coolen et al 20 with a retrospectively triggered fast low-angle shot sequence (IntragateFLASH, Bruker) and variable flip angle analysis. To this end, excitations with flip angles of 2°, 5°, 8°, 11°, and 14° ( Figure 1A top) were performed, and image intensities were fitted to the Ernst equation in a pixel-wise manner for determination of T1 (a more detailed description of the fitting procedure is given in Methods in the Data Supplement and Figure I in the Data Supplement). For retrospective gating, a navigator slice was placed near the base of the heart, where the signal is primarily modulated by the periodically changing atrial and aortic blood volume. 21 Short echo times (1.26 ms) and in particular constant repetition times (5.82 ms) preserving the steady state allowed the generation of high quality, artifact-free T1 maps with excellent spatial resolution (in plane 117×117 µm 2 , field of view=30×30 mm 2 , matrix size=256×256 after zero filling) in a reasonable acquisition time (77 s per flip angle). For the healthy murine heart ( Figure 1A , bottom right), T1 values of 935.5±87.8 ms prior and 369.6±33.1 ms postcontrast administration (n=27) were determined for the myocardium in line with data known from literature. 20, 22 Although blood T1 values were also available from these measurements, we refrained to calculate the extracellular volume 23, 24 because in this study no blood samples were withdrawn, and, thus, the required individual haematocrit was missing. T2 mapping was essentially performed as previously described. 25 Details are given in Methods in the Data Supplement and Figure II in the Data Supplement.
Magnetic Resonance Data Analysis
For evaluation of functional parameters (eg, end-diastolic volume, end-systolic volume, ejection fraction), ventricular demarcations in end diastole and end systole were manually drawn with the ParaVision Region-of-Interest tool (Bruker, Rheinstetten, Germany). Beyond global cardiac function summarized in Table 1, we also analyzed all data for regional alterations on base of a midventricular slice to address as well adaptive local processes after MI. To this end, we used an in-house developed software module based on LabVIEW (National Instruments, Austin, TX), which divided the left ventricle systematically into 200 equivalent sectors starting from the upper insertion point of the right ventricle as previously described (Figure 2A through 2D) . 25 These sectoral definitions were applied to all data sets (cine, native, and postcontrast T1, T2, LGE) to compare and correlate the measures in the anatomically corresponding areas in the acute and chronic phase after MI.
To assess the local cardiac function, ventricular regions of interest drawn in ParaVision were imported, and the sectoral fractional shortening (FS) was calculated as the difference of the radii measured from the center of mass in end diastole and end systole (Figure 2A through 2C) , divided by the end-diastolic value, analogous to the M-mode-derived FS in echocardiography. However, the latter is solely derived from 2 opposing regions of the heart, whereas here data were calculated for each of the 200 sectors. For regional analysis of relaxometric maps, T1 and T2, respectively, data were averaged over the pixels of the myocardial layer in each of the 200 sectors within the lines pointing to the center of the cavity (compare Figure 2D ). For normalization of LGE data, the mean value of the remote myocardium (assigned to sectors 81-190) was set to 100. Thereafter, the normalized LGE intensity was averaged over all pixels of the myocardial layer in each of the 200 sectors, which basically reflects the degree of LGE transmurality. To evaluate the predictive quality of the respective techniques, sectoral values of the individual measures acquired 1 day after MI were correlated with functional parameters in the same sectors at day 21. To this end, the mean sectoral values of all animals were used.
Histology
For histological validation of necrotic tissue localization and quantification determined by the different CMR techniques, mice were euthanized after the final MRI session at day 21 post-MI. The hearts were explanted, sliced, and stained with sirius red as described previously. 26 Details are given in Methods in the Data Supplement.
Statistical Analyses
Unless otherwise indicated, all values are given as mean±SD. A detailed description of the statistical analysis is given in the Methods in the Data Supplement. Calculated values over the entire field of view are illustrated in a color-coded map (bottom right), assigning 0 ms to white and 1500 ms to black. In case of this healthy control animal, a homogenous orange to red color is spread over the entire left ventricle assigning to a T1 relaxation time of about 900 ms. B, Zoomed T1 maps from the healthy control (left) shown above and from mice at day 1 after induction of myocardial infarction (MI) with permanent left anterior descending coronary artery (LAD) ligation (PL; middle) and with reperfusion after 50 min of ischemia (IR; right), respectively. Ischemic areas are characterized by increased T1 (→ black for T1≥1500 ms) with even higher values and more transmural patterns in PL when compared with IR. M 0 indicates magnetization at equilibrium; M SS , magnetization in the steady state.
Results
Functional and parametric CMR data were determined in all mice (n=27) at baseline, the acute (day 1), and chronic (day 21) phase after MI, including cine loops, native, and postcontrast T1 maps, LGE, and T2 maps, which were acquired before GCA application. After the basal measurements, the mice were divided into 2 groups with n=14 subjected to a PL of the LAD and n=13 exposed to 50 minutes of IR.
Early and Late Alterations in Local Tissue Properties and Cardiac Function After MI
T1 mapping was performed by variable flip angle analysis of retrospectively gated short-axis slices ( Figure 1A ). Without the need of prospective triggering, stable steady-state conditions are maintained as the repetition time remains unaffected by variations in cardiac and respiration rates. This enables the acquisition of artifact-free, high-resolution T1 maps even Figure 1A) . This procedure provided us with substantially reduced noise levels and significantly lower SDs for myocardial T1 than the linear approximation used by Coolen et al 20 (a more detailed description is given in Methods in the Data Supplement and Figure I in the Data Supplement). The robustness of this approach can be derived from Figure III in the Data Supplement. Here, 4 independent measurements are shown for LGE, native, and postcontrast T1 and T2 maps recorded 1 day after induction of MI. In all cases, retrospectively gated T1 maps exhibited a substantially clearer delineation of the myocardial wall when compared with prospectively triggered T2 maps, where the echo train is acquired over approximately one third of the cardiac cycle.
The evaluation of native T1 maps acquired from both MI models at day 1 post-MI gave early indication of a stronger injury in the PL group. This can be recognized in representative examples shown in Figure 1B . A more transmural pattern and also darker areas (=increased T1 values) are observed in both ischemic and remote myocardium of nonreperfused when compared with reperfused MIs. For a more quantitative analysis of regional differences, the left ventricle was divided into 200 equally distributed sectors starting from the upper insertion point of the right ventricle (Figure 2A through 2D) . Figure 2E displays the calculated T1 over all sectors analyzed at baseline (black), for the PL (red), and the IR model (blue). This sector plot reveals overall enhanced T1 values in the nonreperfused when compared with the reperfused group (native T1 in ischemic/remote regions: PL, 1280.0±162.6/953.6±51.6 ms; IR, 1115.0±140.5/770.6±75.3 ms; both P<0.001; n=14/13; Table 2 ). Along the same line, postcontrast T1 dropped to substantially lower values in nonreperfused ischemic myocardium (PL, 194.5±35.6 ms; IR, 339.9±33.8 ms; P<0.001; n=14/13; Table 2 ), which is also indicative for an increased myocardial injury in this model.
Of note, at this early point in time, the unequal local relaxometry patterns observed between the 2 groups were not yet associated with a differential impairment of cardiac function: Table 2 . Ischemic sectors of the anterior and lateral left ventricle show massively depressed local FS when compared with remote myocardium of the inferior and septal areas, but with no differences between the PL and IR group (F). In contrast, native T1 indicates stronger impairment in the nonreperfused group with significantly higher values when compared with reperfused animals particularly in the ischemic area of the anterior and partially septal wall (E). CMR Relaxometry of Myocardial Infarction neither the regional analysis of FS ( Figure 2F ; Table 2 ) nor the global ejection fraction (PL, 37.2±11.0%; IR, 37.0±10.3%; not significant; n=14/13; Table 1 ) gave any evidence for a larger deterioration in the PL group. On the other hand, T2 mapping indicated at this time enhanced edema formation in the IR group, while LGE patterns were quite comparable. This can be derived from the T2 maps and LGE images in Figure 3A through 3D, which were acquired from the same animals and identical slice locations shown in Figure 1B middle and right. The sectoral quantification of these data is given in Figure 3E and 3F and exhibited the highest T2 values in ischemic regions of reperfused MIs ( Follow-up examination at day 21, however, revealed that in the nonreperfused group-as expected-local function in both infarcted and remote regions was essentially more compromised than in the reperfused group (compare Figure 4A ; FS in ischemic/remote sectors: PL, 2.7±2.0%/12.9±3.3%; IR, 7.4±4.4%/19.1±4.2%; both P<0.001; n=14/13; Table 2 ). Importantly, these findings were corroborated on the global level, in that ejection fraction was significantly lower after 21 days of permanent LAD ligation when compared with reperfusion (PL, 24.5±7.0%; IR, 33.7±11.6%; P<0.05; n=14/13; Table 1 ). Analysis of the relaxometric and LGE data sets showed for every parameter tested in this study significant recovery toward baseline values, but all measures could still differentiate infarcted from remote myocardium in both models (Figure 4B through 4D ; Table 2 ). Interestingly, between the groups, now a consistent pattern was observed with Table 2 ).
Acute Changes in Tissue Properties Correlate With Functional Outcome After Remodeling
To substantiate the notion that relaxometric patterns determined at an early stage after MI might be valuable to assess the later extent of myocardial injury and its functional consequences, all data acquired 1 day after MI (Figures 2E, 2F , 3E, and 3F) were correlated with the FS determined in the same sectors at day 21 post-MI ( Figure 4A ). Statistical analysis of the individual data sets using generalized estimating equations revealed for native T1, T2, and LGE highly significant agreement with the later postischemic functional impairment (native T1 
=7
.079, P=0.008, n=27). The higher the local measures for native T1, T2, and LGE at day 1, the lower were the later corresponding sectoral FS ( Figure 5 ). Conversely, in postcontrast T1 maps these areas where characterized by decreased measures in the acute phase after MI these areas where characterized by decreased measures ( Figure IVA in the Data Supplement).
As can be recognized in Figure 5 , native T1 maps acquired at day 1 post-MI showed in each examination the best correlation with the FS 21 days after MI. This holds true when all animals were analyzed (R For the sake of clarity, SDs are shown within the full sector plots as shadows; results from the statistical analysis are given in Table 2 . As expected, the sectors affected by ischemia (anterior and partially lateral and septal) are characterized by higher values for each parameter when compared with baseline and remote myocardium. However, especially for T2, strongly increased values were observed in anterior sectors of reperfused when compared with nonreperfused MIs, whereas LGE intensity patterns were quite similar. 
Histological Validation of Infarcted Tissue Areas Identified by the Distinct CMR Techniques
In a final step, we verified the in vivo findings by histological examination of the infarcted hearts excised after the final CMR investigation at day 21 post-MI. Figure VI in the Data Supplement displays a survey of tissue sections stained for fibrosis (sirius red) together with corresponding short-axis CMR slices from the same animals. A healthy control heart is shown in the Figure  VIA in the Data Supplement, whereas an array of CMR data acquired at days 1 and 21 after MI is given in the Figure VIB and VIC in the Data Supplement. Given the limitations on the retrospective coregistration of histological and CMR sections (eg, slice thickness, in-plane resolution, tissue distortion by fixation, etc.), the comparison of areas identified by histological staining and the respective CMR technique revealed a reasonable congruence in infarct localization (compare schematic drawing in Figure VID in the Data Supplement and Table I LGE: 23.9±7.2%). In contrast, ischemic areas identified at day 1 by native and postcontrast T1 maps were very similar to the later point of time (16.7±2.9% and 17.2±2.2%). Of note, native T1 maps exhibited for both time points the closest agreement with histology emphasizing the robustness of this parameter for identification of infarcted myocardium.
Discussion
In the present study, we show in 2 well-defined experimental models of MI that myocardial tissue characterization making use of endogenous magnetic resonance relaxometry holds the potential to overcome the need for GCAs to differentiate ischemic and . For regression analysis, data were sector-wise averaged over 27 (all), 14 (PL), and 13 (IR) values, respectively. All correlations were found to be highly significant with the worst postischemic functional outcome in highly elevated values for each parameter. Native T1 showed the best correlation in each group analyzed. FS indicates fractional shortening; MR, magnetic resonance; and n.i., normalized intensity. CMR Relaxometry of Myocardial Infarction nonischemic areas after MI. In particular, native T1 maps with retrospective gating allowed an early and sensitive discrimination of the degree of tissue injury between the 2 models, which was indicative for the differential functional outcome after remodeling. Furthermore, comprehensive analysis over 200 sectors covering the left ventricle revealed that local native T1 values acquired in the acute phase after MI exhibited the best correlation with the extent of functional depression in the chronic stage.
In the clinical setting, cardiac T1 mapping is routinely performed by an ECG-triggered Modified Look-Locker inversion recovery sequence during breath-hold. To cope with the challenges of the high murine heart rates, we used a retrospectively triggered gradient echo sequence with variable flip angles to keep repetition times constant ensuring true steadystate conditions. In our setting, the fitting of the variable flip angle data by the original Ernst equation turned out to be advantageous compared with the linear parameterization used previously 20 and resulted in artifact-free, high-resolution T1 maps of the mouse thorax even under unfavorable conditions like MI (Figure 1 ; Figure I in the Data Supplement).
The quantitative evaluation of the acquired maps over 200 sectors covering the left ventricle enabled us to overcome some limitations immanent to the conventional threshold analysis of T1-weighted LGE images. Here, the need for reference tissue of either the remote myocardium or skeletal muscle can lead to false results, when it is affected by systemic processes, is off-resonance, or includes bright signals from adjacent fat or blood vessels.
14 Furthermore, global measures of T1 or T2 calculated from mean values of the whole myocardium are not only influenced by the quality of ischemia, but also by the size of infarction. All these biases can conveniently be avoided by individual analysis of each sector in the quantitative maps, which could as well be useful to evaluate more accurately the complex heterogeneity of tissue alterations after MI over time, such as wavefront phenomenon, borderzone processes, hemorrhages, bimodal edema, etc. 28 The sectoral approach permitted also a comprehensive and impartial comparison of different CMR data sets for both the discrimination of ischemic and remote myocardium and their correlation with local function. The bottom line of these analyses is summarized in Figure 6 indicating that, at least in our experimental setting, in the acute phase after MI, the acquisition of native T1 maps will yield the most meaningful information in terms of an early (1) discrimination of infarcted from healthy myocardium, (2) assessment of the degree of injury, and (3) prediction of the later functional depression. Clearly, all other CMR measures exhibited as well strong significances. However, the large dynamic scale of myocardial T1 values-from ≈200 to 1800 ms (comprising native and post-contrast) when compared with ≈20 to 40 ms for T2 and 80 to 160 normalized intensity for LGEobviously enables a more gradual assessment of myocardial injury than the alternative techniques. Interestingly, especially in the nonreperfused model, T1 mapping provided the most reliable data. The underestimation of the myocardial injury by T2 and LGE in this case is most likely caused by the delayed development of edema (→ less increase in T2) and an impeded wash in of the contrast agent into the ischemic area (→ less LGE) with the LAD remaining occluded. Nevertheless, also in the reperfused model and the global view, the current T1 mapping approach is at least as reliable as the current gold standard LGE for the characterization of myocardial tissue texture after MI.
Because the present study was aimed at comparing the diagnostic and predictive power of 4 measures, we deliberately refrained from an entire 3-dimensional analysis of the left ventricle to reduce the expenditure for (1) acquisition of 3-dimensional data sets for each parameter and (2) their subsequent sectoral analysis. This might implicate a certain limitation with regard to the accurate relocation of the 2-dimensional slices for spatial correlation at days 1 and 21 after MI. However, at both time points, all data sets were recorded in 1 session without intermediate repositioning of the animal, so that this holds for each measure and does not introduce a bias into interparametric comparison.
Even though there are already some reports which provide evidence that T1 maps might be useful for the identification of injured myocardium, 15 they were mainly focused on nonischemic cardiomyopathies 29 and made additional use of GCAs to determine pre-and postcontrast T1 for calculation of the extracellular volume. 30 Interestingly, a recent study by Carrick et al 17 demonstrated that shorter T1 relaxation times in the infarct core of ST-segment-elevation myocardial infarction patients were associated with the occurrence of microvascular obstructions with increased risk of death, reinfarction, and rehospitalization because of heart failure. 17, 31 However, a comprehensive validation of native T1 mapping in the setting of acute MI and the assessment of its predictive value has not yet been performed. Using 2 MI models with differential functional outcome, native T1 mapping proved to be the most reliable CMR technique to assess the extent of myocardial injury after experimental MI and showed the best correlation with the later left ventricular impairment (Figures 5 and 6 ; Figure V in the Data Supplement). Obviously, regions with high native T1 relaxation times 1 day after MI are prone to a substantial loss of contractile function after ischemic remodeling. The strong increase in myocardial T1 in the acute phase after MI most likely reflects the extent of water accumulation because of acute cell death and thereby the severity of tissue injury. 32, 33 However, the precise mechanisms determining the T1 alterations have yet to be resolved, especially in the chronic stage where the still moderately increased T1 levels are most likely not solely related to remaining tissue edema, but here fibrotic changes will progressively impact on myocardial T1. 11, 23, 33 Because of the quantitative nature of mapping methods, there is no need for referencing to remote tissue and no dependence on contrast agent pharmacokinetics. Variabilities introduced by the latter may have led to the worse correlations found for postcontrast T1 data, which would also propagate to extracellular volume calculations not performed in this study. On the other hand, acquisition of T2 maps also does not require contrast agent application, but seems to be more prone to motion artifacts (compare Figure III in the Data Supplement) leading to less convincing correlations as for native T1 ( Figure 5 ).
Future Directions
A clinical translation of the present T1 mapping approach might be helpful to avoid compromised image qualities under unfavorable conditions like atrial fibrillation and should be easily feasible because the calculation of T1 maps from images with varying flip angles has already been reported for the brain, breast, and hip at 1.5 to 3 T. [34] [35] [36] Calculated T1 values for healthy (935.5±87.8 ms) and infarcted (1280.0±162.6 ms) murine myocardium are well in the range of native T1 values determined for humans, 33 but this has to be validated against current techniques like the Modified Look-Locker inversion recovery sequence on clinical scanners. Clearly, further studies are required to evaluate whether the findings of this experimental study at 9.4 T can be translated to humans at clinical field strength.
In conclusion, the present approach allows a robust and reliable characterization of myocardial tissue injury after acute MI. Because of its large dynamic scale, it permits a sensitive and graduated assessment of the severity of the insult without the need for any contrast agent. On clinical systems with 1.5 to 3 T, it could be further advanced by recently developed magnetic resonance fingerprinting technology 37 for simultaneous generation of quantitative T1 and T2 maps. This would enable a fast and comprehensive analysis of myocardial tissue properties for a patient-specific postinfarction therapy.
